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We present the first measurement of charge-dependent directed flow in Cu+Au collisions at
√
s
NN
= 200 GeV. The results are presented as a function of the particle transverse momentum and
pseudorapidity for different centralities. A finite difference between the directed flow of positive
and negative charged particles is observed that qualitatively agrees with the expectations from the
effects of the initial strong electric field between two colliding ions with different nuclear charges.
The measured difference in directed flow is much smaller than that obtained from the parton-hadron-
string-dynamics (PHSD) model, which suggests that most of the electric charges, i.e. quarks and
antiquarks, have not yet been created during the lifetime of the strong electric field, which is of the
order of, or less than, 1fm/c.
PACS numbers: 25.75.-q, 25.75.Ld
3Hot and dense nuclear matter has been extensively
studied in nucleus-nucleus collisions at the Relativistic
Heavy Ion Collider (RHIC) [1–4] and the Large Hadron
Collider (LHC) [5–7]. Numerous experimental results
have suggested that a Quark-Gluon Plasma (QGP) con-
sisting of deconfined quarks and gluons is created in these
collisions. At present, the emphasis is on characterizing
the detailed properties of the QGP.
One of the most important and informative experimen-
tal observables used to study the properties of the QGP
is the azimuthal anisotropic flow which can be charac-
terized by the Fourier coefficients extracted from the az-
imuthal distribution of the final state particles [8]. The
second-order Fourier coefficient (so called elliptic flow)
and higher-order Fourier coefficients vn (n > 2) are found
to be very sensitive to the shear viscosity over entropy
density ratio (η/s) [9, 10]. The first-order Fourier coeffi-
cient v1, also known as directed flow, is sensitive to the
equation of state of the medium and therefore could be
a possible probe of a QGP phase transition [11–13].
Recent theoretical studies suggest that an asymmetric
colliding system can provide new insights regarding the
properties of a QGP, such as the electric conductivity [14]
and the time evolution of the quark densities [15]. Fig-
ure 1 shows an example of the distribution of spectators
and participants (protons and neutrons) in the transverse
plane for a Cu+Au collision assuming an impact param-
eter of 6 fm. Due to the difference in the number of pro-
tons in the two nuclei, a strong electric field is created
at the initial stage of the collision and the direction of
the field is indicated by the arrow in Fig. 1. The lifetime
of the field might be very short, of the order of a frac-
tion of a fm/c (e.g. t∼0.25 fm/c from Ref. [14, 15]), but
the electric charges from quarks and antiquarks that are
present in the early stage of the collision would experi-
ence the Coulomb force and so would be pushed along or
opposite to the field direction depending on the particle
charge. The azimuthal distribution of produced particles
(including the effect of the electric field) can be written
as [14, 16]
dN±
dφ
∝ 1 + 2v1 cos(φ−Ψ1)± 2dE cos(φ− ψE) · · · , (1)
where φ is the azimuthal angle for a particle, Ψ1 is the an-
gle of orientation for the first-order event plane, and the
upper (lower) sign of ± is for the positively (negatively)
charged particles. ψE denotes the azimuthal angle of the
electric field; it is strongly correlated with Ψ1 (see Fig-
ure 1) but can differ from Ψ1 event-by-event due to the
fluctuation of the initial nucleon distribution. The coeffi-
cient dE characterizes the strength of dipole deformation
induced by the electric field and is proportional to the
electric conductivity of the plasma. Then the directed
flow, v1, of positively and negatively charged particles
can be expressed as:
v±1 = v1 ± dE〈cos(Ψ1 − ψE)〉, (2)
where 〈 〉 means an average over all particles in all events.
Equation (2) illustrates how the presence of an electric
field results in charge separation for directed flow. The
strength of the charge separation depends on the num-
ber of (anti)quarks existing at the earliest stages of the
collision when the electric field is strong. Therefore, the
measurement of charge-dependent directed flow can be
used to test the quark production mechanism, such as
the two-wave scenario of quark production [17, 18]. Also,
understanding the time evolution of the quark density in
heavy-ion collisions is very important for a detailed the-
oretical prediction of the Chiral Magnetic Effect [19, 20]
and the Chiral Magnetic Wave [21, 22]. These effects are
supposed to emerge under an initial strong magnetic field
and are actively searched for by various experiments [23–
27].
FIG. 1. (Color online) Example of a non-central Cu+Au colli-
sion viewed in the transverse plane showing an initial electric
field ~E caused by the charge difference between two nuclei.
ΨAu-SP1 denotes the direction of Au spectators.
In this paper, we present the first measurement of the
charge-dependent directed flow in Cu+Au collisions at√
s
NN
= 200 GeV. The results are presented for different
collision centralities as a function of the particle trans-
verse momentum (pT ) and pseudorapidity (η). For com-
parison we also show results for Au+Au collisions where
the effect is expected to be significantly smaller, because
the average electric field in these collisions is expected to
be zero
The data reported in this analysis are from Cu+Au
collisions at
√
s
NN
= 200 GeV collected in 2012 with
the STAR detector. The collision vertices were recon-
structed using charged-particle tracks measured in the
Time Projection Chamber (TPC) [28]. The TPC cov-
ers the full azimuth and has a pseudorapidity range of
|η| < 1.0. Events were selected to have the collision ver-
tex position within ± 30 cm from the center of the TPC
4in the beam direction and within ± 2 cm in the radial
direction with respect to the center of the beam. An
additional constraint on the vertex position along the
beam direction was imposed using the Vertex Position
Detector (VPD) [29] to reduce the beam-induced back-
ground. Forty-four million minimum bias Cu+Au events
were used in the analysis, where the minimum bias trig-
ger required hits of VPDs and Zero Degree Calorimeters
(described below) in Cu and Au going directions. In ad-
dition, ninety-five million minimum bias Au+Au events,
collected in 2010, were analyzed in the same way for com-
parison.
The centrality of each collision was determined by mea-
suring event-by-event multiplicity and interpreting the
measurement with a tuned Monte Carlo Glauber calcula-
tion [30, 31]. The first-order event plane was determined
by Zero Degree Calorimeters (ZDC) that are equipped
with shower maximum detectors (SMD) [32–34]. The
ZDC-SMDs are located at forward and backward angles
(|η| > 6.3) and they measure the energy deposited by
spectator neutrons as well as the transverse distribution
of the neutrons. It is worth noting that spectator neu-
trons, on average, deflect outward from the center-line of
the collisions [35] and thus provide information on the
direction of the electric field. The event plane resolu-
tion was estimated by the three-subevent method [36]. It
reaches a maximum of 0.26 for mid-central events when
using the ZDC-SMD in the Au-going direction. Ana-
lyzed tracks were required to have the distance of closest
approach to the primary vertex to be less than 3 cm,
and have at least 15 TPC space points used in their re-
construction. Furthermore, the ratio of the number of
fit points to maximum possible number of TPC space
points (45) was required to be larger than 0.52 to remove
split tracks. The pT of tracks was limited to the range
0.15 < pT < 5 GeV/c.
Directed flow, v1, was measured using the “event plane
method”:
v1 = 〈cos(φ−Ψ1)〉/Res{Ψ1}, (3)
where φ is the azimuthal angle of a track and Res{Ψ1}
denotes the event plane resolution. Directed flow is mea-
sured with respect to the spectator plane determined by
the ZDC-SMD in the Au-going direction, but the sign of
Ψ1 is defined to be positive at forward rapidities (Cu-
going direction) to keep the convention of past v1 mea-
surements. Note that v1(η), measured with respect to
the spectator plane of one of the nuclei, includes the
component due to density fluctuations [37–39] and does
not necessarily cross zero at η = 0 even for symmetric
collisions. Also, note that η is measured in the nucleon-
nucleon center-of-mass frame.
Systematic uncertainties in the results have been es-
timated by variation of the size of the collision z-vertex
window, variation of the track quality cuts, and by using
different combinations of the three-subevents in the es-
timation of the event plane resolution. The relative sys-
tematic uncertainties associated with the z-vertex and
track quality cuts are below 6% for mid-central events
and were found to be uncorrelated in pT . The uncer-
tainty of the event plane resolution was studied by vary-
ing the detector combinations used in the three-subevent
method. The detector choices were two ZDC-SMD de-
tectors, and one of two Beam Beam Counters [40] located
at forward and backward angles (3.3 < |η| < 5), or the
endcap electromagnetic calorimeter (1.086 < η < 2) [41].
The associated systematic uncertainty is pT -correlated;
namely, all data points move in the same direction as
the sign of v1 with the same fraction. The change in
v1 due to the use of different subevents is ∼7% for mid-
central events and increases up to 22% for more central
and peripheral events. This is the largest systematic un-
certainty in these measurements. The Cu+Au data were
taken only with one polarity of the magnetic field. In or-
der to check the effect of the magnetic field, the Au+Au
data were also analyzed with the same polarity, where no
effect has been observed.
Figure 2(a-e) shows the directed flow of positive (h+)
and negative (h−) charged particles as a function of pT
for five different centrality bins. The solid (dashed) lines
around v1 = 0 show the pT -uncorrelated systematic un-
certainties and the shaded bands, indicated with “EP”,
show the pT -correlated systematic uncertainties associ-
ated with the event plane resolution. The observed v1
has positive value at low pT (pT < 1 GeV/c) and goes
negative at high pT .
The trend of the pT dependence is similar to that of
v1 measured in symmetric collisions [34, 39]. The mag-
nitude of our v1 is about ten times larger than v
even
1 (as
shown in Fig. 3) and twice (ten times) larger than vodd1
at pT = 1 (3) GeV/c in Au+Au collisions [34]. This is
likely because the v1 in symmetric collisions originates
only from the density fluctuations, while the v1 in asym-
metric collisions is dominated by the initial density asym-
metry [42, 43]. The average of v1 for positive and nega-
tive particles is consistent, within errors, with the results
of charge-combined directed flow measurements recently
published by the PHENIX Collaboration [44].
Figure 2(f-j) shows ∆v1 defined as the difference in v1
between positive and negative charged particles. Note
that the large uncertainties on the event plane resolution
largely cancel out in ∆v1. The difference, ∆v1, is about
10% of v1 in magnitude. It tends to be positive for pT <
2 GeV/c in 10%-30% centrality and becomes consistent
with zero by 50%-60% centrality within large systematic
uncertainties. The small but finite ∆v1 agrees with the
expectation for the effects of the initial electric field. The
sign flipping of the electric field discussed in Ref. [14]
seems not to be observed within the current uncertainty,
which is close to the expectation discussed in Ref. [16].
Figure 3 shows v1 and ∆v1 in the 10%-40% centrality
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FIG. 2. (Color online) Directed flow of positive and negative particles from minimum bias Cu+Au collisions at
√
s
NN
= 200
GeV, as a function of pT , in five centrality bins. The difference between the positive and negative spectra is shown in the lower
panels, where the open boxes show the systematic uncertainties. See text for the definition of the positive direction for v1.
bin. For pT < 2 GeV/c, the ∆v1 seems to increase with
pT . The v1 results from Au+Au collisions (the so-called
even component of v1) show much smaller values (∼by
a factor of 10) compared to those in Cu+Au. Note that
the odd component of v1 in Au+Au collisions is similarly
small [34]. The ∆v1 in Au+Au is consistent with zero.
Calculations for charged pions from the parton-hadron-
string-dynamics (PHSD) model [15], which is a dynam-
ical transport approach in the partonic and hadronic
phases, are compared to the data. As indicated in Eq. 2,
the measured ∆v1 could be smeared by the fluctuations in
ψE and Ψ1 orientations, but note that the PHSD model
takes such event-by-event fluctuations into account. The
PHSD model calculates two cases: charge-dependent v1
with and without the initial electric field (EF). For the
case with the EF switched on, the model assumes that
all electric charges are affected by the EF and this results
in a large separation of v1 between positive and negative
particles as shown in Fig. 3(a). In Fig. 3(b), the calcu-
lations of the ∆v1 with and without the EF are shown
together, but note that the EF-on data points are scaled
by 0.1 relative to the PHSD results. After scaling by 0.1,
the model describes rather well the pT dependence of the
measured data for pT < 2 GeV/c.
The magnitude of ∆v1 should depend on the number
of quarks and antiquarks and the electric conductivity
at the time when the EF is strong. We note, how-
ever, that the electric conductivity calculations in lat-
tice QCD differ by an order of magnitude between dif-
ferent groups [45, 46], and the perturbative QCD calcu-
lations [47, 48] predict larger values than lattice QCD.
In comparison, the electric conductivity evaluated in the
PHSDmodel is close to the lower value of the lattice QCD
calculations [49]. Therefore, the fact that the observed
∆v1 is ten times smaller compared to the PHSD model
calculation with EF-on likely indicates a small number of
quarks and antiquarks at t ≤ 0.25 fm/c. The lifetime of
the electric field could be longer if the created medium
is a good conductor [50–52]. Therefore the fraction of
quarks present at the early times could be even lower.
We can roughly estimate the ratio of the number of
(anti)quarks that existed at very early times, to the total
number of (anti)quarks created in the collision (final state
number) using the parton distribution functions (PDF).
We have used the HERAPDF1.5 (NLO Q2 = 4 GeV2)
parton distribution functions [53], and we assumed that
the number of quarks in the initial state corresponds to
the number of quarks given by the PDF in the corre-
sponding momentum region. We assume that the total
number of hadrons in the final state is approximately
equal to the number of partons in the initial state; mean-
ing that one gluon in the initial state corresponds approx-
imately to two quarks in the final state. Then, the ratio
of the initial quarks to the total number of quarks created
in the collision can be calculated by comparing the PDFs
at x ∼ mT eη/
√
s ≈ 0.01 corresponding to the kinematics
of the current measurement. Note that such an estimate
depends very weakly on the exact momentum fraction
range x and Q2. Using this approach we find that the
ratio is about 0.15, close to the scale factor applied to
the PHSD model calculations shown in Fig. 3.
The pseudorapidity dependence of v1 and ∆v1 was
measured in the 10%-40% centrality bin as shown in
Fig. 4. As seen in Fig. 2 and Fig. 3, the ∆v1 exhibits
a stronger signal in the 1 < pT < 2 GeV/c range. There-
fore in Fig. 4 the signal is integrated over that range.
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FIG. 3. (Color online) Directed flow of positive and nega-
tive particles and the difference between the two spectra as a
function of pT in 10%-40% centrality in Cu+Au and Au+Au
collisions. The PHSD model calculations [15] for charged pi-
ons with and without the initial electric field (EF) in the same
centrality region are presented for comparison. Note that the
charge difference of v1 with the EF-on is scaled by 0.1.
The magnitude of v1 becomes larger at forward rapidities
and ∆v1 has a finite value within |η| < 1. The difference,
∆v1, seems to be larger at forward rapidities (Cu-going
direction). This might be related to the v1(y) (where y
denotes rapidity) slope difference between particles and
antiparticles [13] and the shift of the center-of-mass in
asymmetric collisions, although the uncertainty of the
data is still too large to discuss this in detail.
In conclusion, we have presented results for the
first measurements of charge-dependent directed flow in
Cu+Au collisions at
√
s
NN
= 200 GeV. A finite differ-
ence in v1 between positive and negative charged par-
ticles was observed in the transverse momentum range
of 0.15 < pT < 2 GeV/c and the pseudorapidity range
of |η| < 1. These results are consistent with the pre-
sumption of a strong, initial, electric field in asymmet-
ric collisions. The observed ∆v1 was compared to the
PHSD model calculations that includes the effect of an
electric field. The pT dependence of ∆v1 is qualitatively
described by the model in the region less than 2 GeV/c.
However the magnitude of ∆v1 is smaller by a factor of
10 than the model predictions, assuming that all quarks
are created at the initial time. This may indicate that
1− 0.5− 0 0.5 1
0.01−
0.005−
0
0.005
Cu+Au 200 GeV
<2 GeV/c
T
1<p
1v
10-40%
+h
-h
syst. uncert.
+h -h
+syst. uncert. (EP) h
(a)
 η
1− 0.5− 0 0.5 1
0.001−
0
0.001
0.002
1v∆
(b)
FIG. 4. (Color online) Directed flow of positive and nega-
tive particles and the difference between the two spectra as a
function of η in the 10%-40% centrality bin, where positive η
denotes the Cu-going direction.
most of quarks and antiquarks have not yet been created
within the lifetime of the electric field (t ≤ 0.25 fm/c).
A simple estimate of the fraction of the initial quarks
present in the participant nucleons, relative to all quarks
created during the collision (assuming each gluon to be
converted to a qq¯-pair), is consistent with this interpre-
tation. These results provide important information for
understanding the time evolution of particle production,
and will constrain estimates of the magnitude of the Chi-
ral Magnetic Effect and Chiral Magnetic Wave induced
by the initial strong magnetic field.
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